Abstract. The metal-catalyzed chemical vapor deposition on silicon substrates remains one of the most promising technologies for growing the silicon nanowires up to now. The process involves a wide variety of elementary events (adsorption, desorption, and multicomponent atomic transport with strongly different local mobility, etc.) that take place on the same surface sites and proceed on isolated nano-scaled part of the surface belonging to different individual catalyst particle. In this work, the competition for unoccupied sites during atomic transport under growth doping and percolation-related phenomena on confined parts of surface was treated by the Monte-Carlo simulations. Atomistic simulations were compared with numerical kinetic modeling. Arising nonlinear effects that finally lead to specific modes of the nanoobject growth, shaping, and doping were analyzed. By combining different kinds of simulations and experimental results, the proposed strategy provides a better control at atomic scale of nanowire growth. Both atomistic and kinetic considerations supplementing each other reveal the importance of surface transport and the role of surface immobile contaminations in the nanowire growth.
Introduction
Metal-catalyst mediated, quasi-one-dimensional growth of arrays of nanowires (NWs) by chemical vapor deposition (CVD) allows to create a wide variety of forms and shapes of nanowires [1] , varying from straight, nearly circular cylinders to prisms, telescopelike objects, cones, bead-like free-standing filaments, springs [2, 3] or even single spheres [4] . In some cases, nanostructures with "core-shell" structure [5, 6] were observed. As a rule, all of these various objects are formed spontaneously without any special efforts, due to some unaccounted factors. Therefore, theoretically the desirable shape of the nanowires may be achieved relying upon only internal mechanisms of selforganization without strong external force measures. However, there is no clear understanding up to now what factors should be involved to achieve this goal together with the good uniformity of size and length and to realize all the very promising potentialities of this technique.
The increasing interest to nanowire doping during growth, for example with boron or phosphorous, gives rise to another important frame of problems. They are the co-adsorption of different kinds of molecules and the multicomponent transport of different sorts of atoms toward catalyst/silicon interface or nanowire sidewall. Multiple mutual influences, competition for unoccupied sites both during adsorption and surface transport, percolation related phenomena promise a number of non-linear effects, which may result in unexpected consequences both in shaping and doping. The simplest effect of such kind is the selective adsorption of molecules from gas phase onto some vacancy-enriched regions of the surface, which are naturally formed near diffusion sinks.
In this paper, we discuss some key mechanisms responsible for nanowire shaping and doping in CVD nanowire growth, when silane or other hydrogencontaining active gas (disilane, borane, or phosphine) is used. As a result, after chemosorption of these molecules at least three groups of adsorbed species are formed on the catalyst surface: (1) low-mobile complexes (≡Si−H n , and possibly dopant-containing species), (2) adatoms with a mean but different local mobility (Si, B, P), and (3) hydrogen adatoms with a high local mobility, which are also able to escape from the surface by associative desorption. All of these species can occupy the same set of adsorption and diffusion sites, impeding each other just in surface transport, and resulting in different feedbacks in the growth process. Respective fluxes of substance, determining the growth of NW are schematically shown in Fig. 1 .
We restricted our consideration by the processes upon the surface of catalyst particle. The detail analysis of exactly these processes should give us a lead to reproducible synthesis of NW with unexpected forms [2] [3] [4] [5] [6] . In comparison with the other parts of a nanoobject here the most intensive active gas decomposition takes place, and the highest concentration of mobile silicon (or impurity) adatoms is sustained. The control over further redirection of these atoms to the interface or to the sidewall seems to be looked for a way to the shape and doping quality control.
Modeling
The growth process of the NW as a whole and some of its stages may be treated in the framework of a kinetic approach by numerical solution of respective balance equations [1] , while adequate consideration of the surface transport across catalyst needs another way of looking. Here, concentrations of several different species may be high enough, and their mobilities differ each other arbitrary. In this special case, the surface transport could not be described as ordinary diffusion and belongs to the so-called "strange processes". It may be described kinetically in the framework of fractional dynamics or strange kinetics [7] . In particular, the Einstein relation transforms in [7] :
(1) Fig. 1 . Distribution of molecular and atomic fluxes adopted in the kinetic model for nanowire growth. 1 − a metal catalyst particle or droplet, 2 − a nanowire body, 3 − molecular adsorption from the gas phase, 4 − the surface transport of silicon adatoms to the nanowire sidewall, 5 − the bulk transport of silicon atoms to the metal/silicon interface. . For arbitrary complex multicomponent systems, fractional dynamics encounters with insuperable difficulties. However, the peculiarities mentioned above, including evolution of detail spatial distribution of adatoms on the surface of catalyst, may be directly studied by the MC simulations. We advisedly restrict the application of the MC simulations by this part of growing nanoobject and only of this key stage of the process, instead of using the atomistic modeling for the growth process as a whole. We will apply the MC simulations here in order (i) to estimate the values of some physical parameters (transport coefficients dependences) with their subsequent use in kinetic modeling, and (ii) to reproduce some key fragment of real physical experiment.
Besides, we will demonstrate some advantages of "multilevel modeling" that combines the atomistic and macroscopic approaches within the same model and allows to avoid some difficulties of strange kinetics formalism.
In the model of catalyst particle surface transport, the following elementary events are selected:
(i) Adsorption from the gas phase onto a single random unoccupied site. Generally speaking, the real act of adsorption may need a group (two or more) of unoccupied neighboring centers, for example for accommodation of hydrogen atoms, just after silane decomposition. The detail numerical analysis has shown [8] that different scenarios of silane adsorption onto silicon surface result in practically the same growth kinetics. For this reason, we content with this simplest model for adsorption. The input flux is measured in the number of impinging atoms per one lattice site per one MC-time step τ .
(ii) Randomly directed atomic jump with the length λ (the distance between the nearest sites) of the random atom to the nearest unoccupied site.
(iii) In the general case, the irreversible going away of the random atom from the surface to the bulk of catalyst.
The MC-simulations including the processes above were carried out in a two-dimensional 100×100 lattice, which corresponds to real NW diameter about 20 nm.
We made four types of numerical experiments, complementing each other, namely:
(i) Migration of the probe particles across the surface with different coverage up to the first touch of the boundary of the region, with the radius R and averaging the respective time of the path t [9] . Other atoms make atomic jumps with the local mobility τ λ / and exponent µ , which may be attributed to this surface (Fig. 2a) . e − Dependence of the effective diffusivity on the surface coverage derived from curves in (a)-(c) and its analytical approximation. Conditions: (1) probe particle migration on the lattice covered with mobile atoms under periodical boundary conditions; (2) migration of probe mobile particle across a surface primarily covered by the nearly immobile species.
(ii) Classical MC experiment [9, 10] when random trajectories of all moving atoms are monitored, and averaged values 2 
R
or t are calculated. These results were compared with the previous case.
(iii) The measurements of the non-stationary atom escaping kinetics of one (mobile) component
at zero input flux of molecules from gas phase and nonzero initial coverages (Fig. 3) . In this case, the circle region on the surface was randomly covered with two sorts of adatoms and respective steady-state coverage, which is established at that: Fig. 4a, b) . The first two approaches allow us to derive transport coefficients and use them in kinetic equations. The second two simulations correspond in higher degree to a real experiment and allow us to compare atomistic simulations and kinetic modeling.
Results and discussion

Effective transport coefficients and their use in a kinetic model of the NW growth
Experiments with a probe particle in the lattice covered with atoms having resemble mobilities show that the This behavior that has a strong resemblance to the ordinary Gaussian diffusion is well known for transport processes on percolating fractal sets [7] . In spite of this similarity with simple diffusion, the commonly used
is not valid in the vicinity of percolation threshold [7] and true time evolution of detailed surface distribution of migrating atoms may be considered correctly within the "fractional dynamics" approach. Nevertheless, a crude kinetic description (without fine spatial details) is possible, for all the Θ -range, because 〈t〉 corresponds to an average residence time of a migrating atom within a hemispherical surface region of the radius R , till the moment when the atom leaves the surface of the catalyst particle. and eff D exactly as a quasi-steady-state diffusion time does [11] . This allows us to apply the following "crude" (without fine spatial details) kinetic model for the average surface concentration:
Where σ is the surface site density available both for diffusion and adsorption, β is the bulk transport rate constant for surface atoms through the body of a catalyst particle (Fig. 1, arrow #5 ). The input flux inp J corresponds to a number silicon adatoms really appearing on the empty ( 0 = Θ ) surface of catalyst per unit time and per unit of area due to dissociative adsorption of pattering molecules (Fig. 1, arrow #3 ). In the single-reaction approximation [1, 12] , when chemosorption is accompanied by the only overcome one potential barrier a E , this flux may be written as:
where mol J is the flux of pattering molecules, and T is the temperature of a catalyst surface. is the shape coefficient for diffusion-time approximation in the case of the hemispherical region [11] , and 0 µ is the first root of the zero-order Bessel function. The second equation of the system describes the elongation growth rate of the nanowire due to atoms delivered to the catalyst/silicon interface by the bulk diffusion through catalyst. Here, h is the nanowire height, and Ω is the atomic volume of silicon atoms in silicon, the multiplier 2 is the surface/interface areas ratio for the hemispherical catalyst particle. The steady-state (
that corresponds to a constant elongation growth rate are the non-linear one with inp J as a parameter looks as follows:
or in a dimensionless form:
Where ) /( is an effective residence time of an adatom on catalyst particle surface. One can see that the relative role of the surface transport increases with downsizing the catalyst particle. One can see that the system behavior is rather (Fig. 5a ). Any of these corresponding to the first root is realized (Fig. 5b) . If the initial condition is chosen so that
, the second or third solution would be realized respectively in the steadystate. As follows from (4), the steady-state axial growth rate is proportional to ) 0 ( Θ , but the surface transport (and therefore, the delivery of adatoms to the sidewalls) is a rather complicated non-linear function of the coverage. Above the percolation threshold, the surface leakage of adatoms is partially blocked and looks like diffusion of vacancies. Even small flux fluctuations in the critical region should result in large amplitude variations in Θ and all the related parameters, including radial and axial growth rates. Above the percolation threshold, the system sharply turns to the state with a rather high coverage (
) and high elongation growth rate. Here, the surface transport proves to be suppressed, and efficiency of adsorption of molecules that is proportional to ) 1 ( Θ − decreases, too. Further increase of input flux results in insufficient increase of coverage by silicon adatoms. Therefore, the system demonstrates a trigger-like behavior as to transition through percolation threshold and some discrete spectrum of axial growth rates depending on initial conditions.
There are at least three important consequences for NW growth, which may be derived from this non-linear behavior:
(i) Catalyst particles (or liquid eutectic drops) may absorb silicon not only from the gas phase but from silicon substrate, too. The former process dominates during growth, but the latter may be important during different pre-growth treatments of the substrate covered with catalyst material film. Therefore, some spread in the initial conditions as to the surface coverage of different drops results in unexpected discrete spread in ) 0 ( Θ and, hence, in axial growth rates under critical input flux and unfavorable combination of transport coefficients.
(ii) Small radius NWs easily demonstrate a nonlinear growth behavior, and a sharper step on the
dependence is observed, because 1 → r sb E for them (Fig. 5a, curves 4, 5) . Besides, in this case the critical value of input flux may be rather small, but the difference between 1 x and 2 x increases sufficiently. Therefore, both long and very short NWs may be grown on the same substrate on neighbor catalyst drops even with the same radius. Only a very precise choice of the input flux and initial conditions (when only one steadystate solution takes place) may guarantee uniform axial growth in small-radius NW ensemble.
(iii) The complete dependence for ) ( inp J f = Θ uniting all three solutions is shown in Fig 5c. It demonstrates some hysteresis and the presence of some part with the negative slope. The latter create the necessary prerequisites for chemical, shape and growth auto-oscillations in such a system. MC simulations, considering adsorption and diffusion inside restricted region of external surface of catalyst particle with the irreversible sink toward NW sidewall, have demonstrated both similarities and important differences from the kinetic modeling (2)-(4). Experiments for flux vs. flux dependences have shown that under high input fluxes the surface transport, while being strongly suppressed, does not disappear completely in the finite dimension systems.
First of all, adatoms distribute inhomogeneously along the surface ) (r Θ = Θ . Due to boundary sink of atoms toward the NW sidewall, some narrow vacancyenriched strip at the periphery of a catalyst particle is formed. It always has an enough concentration of vacant sites available both for transport and adsorption. In the central part, Θ easily overcomes the percolation threshold. After this, surface transport peculiarities in the central part are similar to those predicted by kinetic modeling (2)- (4) ) part of the region and switching over to the direct delivery through peripheral zone. Just due to this mechanism the dependence ) ( inp J F = Θ is monotonous and has no peculiarities mentioned above. Therefore, we may conclude that the crude kinetic model being unable to describe these fine details in surface distribution of atoms predicts well the coverage vs. flux dependence in the central part of catalyst surface, where the surface concentration is more uniform. One may conclude that kinetic modeling together with the MC modeling using a probe particle migration may be rather promising for simulations of the real growth.
Peculiarities of NW doping according to the kinetic model
Let us add the second (doping) component into the gas phase and assume that respective dopant has nearly the similar parameters as to molecular adsorption, bulk diffusion and the surface transport as a silicon adatom. The kinetic equations for coverage with silicon atoms ( Θ ) and doping agent ( Φ ) should be rewritten as follows:
Here, the subscripts "1" and "2" are related to the matrix and doping species. The initial conditions for (5) , the characteristic time I τ became comparable with the total time of growth (tens of minutes). As a result, ) (t C I slowly increases from 0 up to ξ . The bottom and middle part of NW proves to be low-doped and only top part turns out to be doped according to macroscopic partial pressure of a dopant gas in the gas mixture . Therefore, the mode of small fluxes both ( 1 J and 2 J ) should be used to achieve more or less uniform bulk NW doping along its length.
The MC simulations reveal an additional important feature of doping in the case of high value of Θ . The narrow vacancy-enriched peripheral region mentioned above is the region where Θ is just about 0.1 during the whole growth process. Due to this effect it is possible to realize selective and uniform doping of NW shell.
The role of slow diffusing components on the surface of catalyst
The MC experiments with random walk of some probe atom show (Fig. 2b, c) that the presence of practically immobile (slow-diffusing) species suppresses surface transport much more effectively than the presence of the mobile ones does. For immobile species, the coverage of about 43 . 0 42 . 0 slow ≤ Θ ≤ is enough to completely block most of the surface routs for adatom delivery from the inner part of catalyst surface to the sidewall (Fig. 2d) R at the given 2 R ) for mobile randomwalking probe atoms proves to be valid (Fig. 2b) . Beginning from 38 . 0 slow ≈ Θ (Fig. 2c) , the non-linear relation for
takes place, and the so-called "subdiffusion" (µ < 1) is observed [7] , while µ decreases when 43 . 0 slow → Θ . Here, the kinetic modeling similar to (2) and (3) cannot be applied at all. In this critical interval of slow Θ , slow-diffusing atoms begin to form some coherent groups or aggregates. As a result, a mobile atom is forced to diddle a lot of time to double or skirt them to achieve the boundary of the region. Therefore, 2 
R
proves to be behind the dynamical time t. One can see from Fig. 2d that for 43 . 0 38 . 0 slow ≤ Θ ≤ most of the diffusion paths are temporary blocked and the surface flux toward the periphery of the catalyst dome becomes more and more anisotropic. This effect of anisotropy may be responsible for the appearance of some complex forms (e.g. spring) in the nanostructures.
The consideration of the atom spread kinetics in another MC experiment (Fig. 3) supports the conclusion about the surface transport suppression derived from probe particle random walk. The time of mobile atom residence on the surface at the initial value 3 . 0 mob = Θ is nearly the same for 2 . 0 slow ≤ Θ and increases rapidly at threshold value 4 . 0 slow ≈ Θ with subsequent almost complete blocking at 6 . 0 slow ≈ Θ and higher, when only peripheral mobile atoms are able to escape from the surface. The role of immobile species seems to be very useful for creating perfect cylinders. Complete suppress of the surface transport leaves the only bulk transport of silicon adatoms to the interface through the catalyst particle. In particular, chlorine-containing complexes used in [12] to suppress nanowire tapering may also act (in addition to the mechanism proposed in [12] ) by this mechanism.
Therefore 
Conclusion
Atomic transport on the surface of catalyst was considered by Monte-Carlo simulations. Four different treatments of the experiment were proposed to estimate the effective transport coefficient and to reproduce the real experimental situation. Respective numerical kinetic modeling devoted to the NW growth and doping was added to compare the atomistic and macroscopic approaches. This multilevel modeling proves to be fruitful for better understanding of the obtained results. These results reveal the importance of the role of surface transport and the presence of surface immobile contaminations in the nanowire growth. It was shown that the ratio between the bulk and the surface fluxes through or across the catalyst particle depends critically on the local mobility and the fractions of the different species present on the surface. The presence of a moderate quantity of immobile species (such as byproducts of incomplete silane decomposition) effectively suppresses the flux towards the sidewall.
We observed also the following non-linear effects: (1) complete or partial blockage of surface transport in the presence of slow-moving impurities; (2) appearance of surface flux anisotropy and subdiffusion of mobile atoms when the coverage with slow-moving atoms 4 . 0 slow → Θ ; (3) sufficient suppression of the surface transport of equally mobile atoms at high input fluxes and (4) non-proportionality between the input flux of impurity and the doping level under the high enough input flux of only one component. The results of simulations allowed to predict some approaches to the shape and doping control during the nanowire growth. In the presence of immobile impurities, the behavior of dopants incorporated into nanowire during growth became more predictable. Both uniform and coaxial doping may be realized independently, due to suppressing or release of surface transport across catalyst particle.
